To investigate whether the dopaminergic system plays a role in the etiology of anorexia nervosa (AN) via the dopamine D2 receptor, we investigated association and transmission disequilibrium at seven single-nucleotide polymorphisms (SNPs) spanning about 75 kbp of the gene DRD2. We studied 191 probands with a DSM-IV diagnosis of AN, 457 parents and affected relatives with a DSM-IV eating disorder diagnosis, and 98 unrelated, female, normal weight controls. The À141 C/À insertion/deletion (À141 Indel), previously shown to affect DRD2 transcription efficiency, and multiple exon seven polymorphisms, one of which has previously been shown to affect DRD2 transcript stability, exhibited statistically significant association with diagnosis in haplotype transmission disequilibrium and in haplotype case : control analyses. Significant linkage disequilibrium between the À141 Indel and two exon seven SNPs (939Y and 957Y) was observed over a distance of 450 kbp in the AN probands but not in the controls. Genetically transmitted variation in D2 dopamine receptor expression mediated by functional polymorphisms affecting transcription and translation efficiency may play a role in vulnerability to AN.
INTRODUCTION
Anorexia nervosa (AN), a disorder with typically an adolescent age of onset, is characterized by pathologic eating behavior, by the relentless pursuit of thinness leading to emaciation, and by a mortality rate substantially greater than other psychiatric disorders (Sullivan, 1995) . AN patients often display characteristic temperament and personality traits that include obsessionality, perfectionism, and anxiety (Halmi et al, 2000; Bulik et al, 2003; Kaye et al, 2004) . AN is familial, with a relative risk of B11 and an additive genetic component of B60% Lilenfeld et al, 1998; Wade et al, 2000; Klump et al, 2001; Kortegaard et al, 2001) .
Based on this evidence for genetic susceptibility, a multicenter collaborative group, the Price Foundation Collaborative Group (PFCG), has collected a large sample of eating disorder families (N ¼ 196) ascertained from AN probands, known as the AN affected relative pair (AN-ARP) data set . Using these families, the PFCG has reported suggestive linkage to chromosome 1p34-36 for restricting AN (Grice et al, 2002) , as well as to 1q, 2q, and 13p (Devlin et al, 2002) . In addition to linkage studies, the PFCG has investigated candidate susceptibility genes, such as those influencing monoamine and neuropeptide function (Bergen et al, 2003b) . For example, we have analyzed HTR1D, OPRD1, and HCRTR1, all biological candidate genes found in the chr1p34-36 linkage region (Bergen et al, 2003a) , and have identified significant case : control and TDT association to AN diagnosis at HTR1D and OPRD1 (Bergen et al, 2003a) .
Disturbances of CNS dopamine metabolism could contribute to symptoms in AN. Dopaminergic neuronal function modulates feeding behavior (Szczypka et al, 1999 (Szczypka et al, , 2000 , motor activity (Kalivas, 1993) , and rewardmotivated (Blum et al, 1995; Salamone, 1996) and drugseeking behavior (Bardo et al, 1996) . Aside from their wellknow disturbances of feeding and weight maintenance, individuals with AN have stereotypic and hyperactive motor behavior (Kron et al, 1978; Beumont et al, 1994) , anhedonic, obsessional personalities, and reduced novelty seeking (Sohlberg and Strober, 1994) . Moreover, we have shown that individuals who have recovered from AN exhibit significantly lower CSF homovanillic acid concentrations than individuals with a history of BN diagnosis or control individuals (Kaye et al, 1999) .
It is plausible that D2 receptors, which are most prominent in the striatum, nucleus accumbens, and olfactory tubercle (Mukherjee et al, 1996) , could play a role in AN. In addition to their potential effects on feeding behavior, the striatal dopamine system affects hyperactivity, and dopamine neurons in the nucleus accumbens/limbic regions are involved in reward alterations and novelty seeking (Wise and Bozarth, 1984; Comings and Blum, 2000) . The dopamine receptor D2 is a seven transmembrane G protein linked receptor that binds dopamine and inhibits adenylate cyclase (Kebabian and Calne, 1979) . The literature suggests this receptor acts as an autoreceptor on dopaminergic cell bodies and as a postsynaptic receptor on dopaminergic targets (Khan et al, 1998; Usiello et al, 2000) . Extending over 65 kb on chromosome 11q23, with an intron of approximately 50 kb separating exons one and two, DRD2 has been investigated as a candidate biological susceptibility locus in linkage and association studies in many psychiatric diseases (Cravchik and Goldman, 2000) . Functional polymorphisms at DRD2 include the À141 Indel polymorphism, shown to affect DRD2 transcription efficiency (Arinami et al, 1997) , the exon 7 nonsynonymous nucleotide polymorphism (SNP), 932C4G (Itokawa et al, 1993) , shown to impair dopamine-mediated inhibition of forskolin-induced adenylate cyclase activity (Cravchik et al, 1996) and the exon 7 synonymous SNP, 957C4T (Cargill et al, 1999) , shown to affect DRD2 transcript stability and translational efficiency (Duan et al, 2003) . As DRD2 is a plausible candidate gene for AN, we genotyped seven SNPs that physically span the gene in both case : control and family samples and evaluated association to AN phenotype.
MATERIALS AND METHODS

Samples
We recruited 196 probands, as well as relatives affected with eating disorders and parents, through the use of clinical services, patient databases, and advertisements . Ascertainment criteria required at least 3 years duration of DSM-IV AN diagnosis excluding the amenorrhea criterion, age between 13 and 65 years . Diagnoses were obtained using the Structured Interview for Anorexic and Bulimic Disorders (Fichter et al, 1998) . Exclusion criteria included onset of AN after age 25 or a lifetime diagnosis of a number of neurological, psychiatric, or metabolic disorders that could affect cognition, appetite, eating behavior, and body weight, for example, diabetes mellitus. Binge eating is commonly observed in individuals with a diagnosis of AN, and constitutes an exclusion criterion, because it would increase heterogeneity among the proband population . Most probands were female (95%), diagnosed with either DSM-IV Restricting AN (RAN) or Purging AN (PAN) subtypes (55 and 45%, respectively). Affected relatives could fulfill the same ascertainment and exclusionary criteria as probands (86 affected relatives), or could fulfill a broadened diagnosis of AN with binge eating, DSM-IV bulimia nervosa or subthreshold eating disorder (59, 47, and 37 affected relatives, respectively) . Families originated from North America (70%), the United Kingdom (11%), and Germany (19%). Unrelated European-American females ('EAF') were recruited through advertisements and used for a control sample in case : control comparisons. Control ascertainment excluded individuals over 120% ideal weight or who met lifetime criteria for Axis I disorders as assessed by the Structured Clinical Interview for DSM-III-R (First et al, 1996) . Informed written consent was obtained from all study participants and all sites received approval from their local institutional review board as previously described . The EAF control sample was interviewed and provided a blood sample as part of an IRB approved protocol that included informed written consent. DNA was available from a total of 191 probands, 457 parents and affected relatives, and 98 controls. For single and multilocus DRD2 TDT analysis, there were 253 nuclear families available. Unrelated Centre Étude Polymorphism Humaine (CEPH) and Caucasian Variation (CV) Panel DNA samples obtained from the Coriell Cell Repositories (http://locus.umdnj.edu/) were used for resequencing, genotype assay development and as individual control DNAs for genotyping assays.
Selection of DRD2 Polymorphisms
Sequence variation at the DRD2 locus was identified using public literature, sequence, and variation databases. To verify published SNPs around exon seven, 32 unrelated CEPH DNA samples were sequenced from À187 bases before its start to 350 bases into exon seven. Seven DNA polymorphisms at the DRD2 locus were selected for genotyping ( Figure 1 ): (1) the À141-C or Indel, NCBI SNP ID: rs1799732 (Arinami et al, 1997) ; (2) IVS2-2730T4C, NCBI SNP ID: rs1800498 (Kidd et al, 1998) ; (3) 932C4G, exon 7, S311C, NCBI SNP ID: rs1801028 (Itokawa et al, 1993) ; (4) 939C4T, exon 7, H313, NCBI SNP ID: rs6275 (Sarkar et al, 1991) ; (5) 957C4T, exon 7, P319, NCBI SNP ID: rs6277 (Cargill et al, 1999) ; (6) 725 bp 3 0 of STP G4T or Ex8-408 3 0 UTR, NCBI SNP ID: rs6278 (Cargill et al, 1999) ; and (7) 10620C4T 3 0 of STP C4T or TaqIA, E713K in ANKK1, NCBI SNP ID: rs1800497 (Grandy et al, 1989) . All positions, with the exception of the TaqIA polymorphism, are relative to the A of the ATG initiation codon, long isoform cDNA with substitution type indicated when appropriate (NT_033899). All SNPs except for one (932C4G) were genotyped in the case : control samples (Supplementary Table 1 ), while four SNPs were also genotyped in families of AN probands (À141 Indel, 932C4G, 939C4T and 957C4T).
Genotyping
Of the AN proband samples, N ¼ 183, 132, 183, 191, 191, 132 , and 132 DNA samples were subjected to genotyping at the seven DRD2 SNPs, respectively. DNA samples from N ¼ 457 AN-ARP family members were genotyped at the À141 Indel, 932C4G, 939C4T and 957C4T SNPs. Of the EAF samples, N ¼ 98 DNA samples were genotyped at six DRD2 SNPs, excluding the 932C4G SNP. A duplicate sample of 67 DNAs was drawn from these groups and genotyped to assess the reproducibility of SNPs genotyped in the case : control sample. SNPs genotyped in the family sample were evaluated for apparent non-Mendelian transmissions.
SNPs were genotyped using the 5 0 exonuclease assay (TaqMant) (Morin et al, 1999) , with the exception of the 932C4G SNP, which was genotyped as previously described (Fujiwara et al, 1997) . 5 0 exonuclease probes and primers were chosen using ProbeITY (Celadon Laboratories, College Park, MD) and were synthesized by Applied Biosystems (Foster City, CA). Quality control procedures for 5 0 exonuclease genotyping included no template controls, sequenced genotype controls, and duplicated DNA samples in different plates for genotype assay quality control. Primer and probe sets for SNPs were as follows: the À141 -C or Indel: forward primerF5
caggctc-TAMRA, probe 2FVIC-tggtcGaggcaggcgc-TAMRA (Figure 1 ). General conditions per reaction for PCR and end point-read TaqMant were as previously described (Morin et al, 1999) , with the exception of IVS2-2730T4C and þ 725 3 0 SNPs; PCR reaction conditions for these SNPs were optimized with an annealing temperature of 551C. Genotype determination was performed on an Applied Biosystems Sequence Detector 7700 (Applied Biosystems, Foster City, CA).
Statistical Procedures
Tests of Hardy-Weinberg equilibrium (HWE) in the AN, RAN, PAN, and EAF samples were performed using Pearson's w 2 test. Pearson's w 2 tests were also used to test for independence of diagnostic status and either genotype or allele counts using SISA (http://home.clara.net/sisa/). Pairwise haplotypes at the À141 Indel, IVS2-2730T4C, 939C4T, 957C4T, þ 725 3 0 G4T and TaqIA C4T DRD2 SNPs from AN proband (mean N ¼ 127), RAN probands (mean N ¼ 66), PAN probands (mean N ¼ 61) and EAF (mean N ¼ 80) samples were estimated using an Expectation-Maximization algorithm (Excoffier and Slatkin, 1995) and pairwise linkage disequilibrium and the significance of haplotype frequency differences were estimated using Pearson's w 2 test and, by permutation, using the MCMC algorithm (Raymond and Rousset, 1995) , implemented in Arlequin (Schneider et al, 2000) . S.A.G.E. and Pedcheck were used to identify apparent non-Mendelian transmissions in the AN-ARP family sample (Elston, 2001; O'Connell and Weeks, 1998) .
The FBAT program was used for single and multilocus SNP TDT analysis in the family data set (Lange and Laird, 2002a, b) . Both single SNP and multilocus haplotype-based TDT test used all individuals of the AN-ARP data set that had been genotyped, with probands and those affected relatives who had a diagnosis of DSM-IV AN, either RAN or PAN defined as affected individuals. P-values were obtained asymptotically for single locus tests, and asymptotically and by permutation for haplotype tests. To calculate power for case : control and TDT tests, we assumed the polymorphisms directly affect liability to disease, a prevalence of 1% and the estimated frequency of each allele (p) was the true frequency in the study population. Power was computed under four disease inheritance models: recessive, dominant, additive, and multiplicative. To evaluate the power to test for violations of independence between alleles and disease status by using the sample of case-and control-individuals, DRD2 and anorexia nervosa AW Bergen et al we used the procedure described in Bacanu et al (2000) , with F st assumed to be 0.01 (Bacanu et al, 2000) . The power of the family sample for the TDT analysis was modeled using PBAT software (Lange and Laird, 2002a, b) . The significance level of all tests was set at a ¼ 0.05.
RESULTS
Genotypes and Alleles
Summary statistics, by locus and sample, are given in Supplementary Table 1 . The 932C4G SNP, which was genotyped in the family dataset only, had a minor allele frequency of 2% in AN probands. This SNP was present in only 11 of the affected relatives and parents, and thus was excluded from the case : control association and transmission distortion analyses. Using duplicate samples, estimated genotyping error rates were 0.0% for all SNPs. There were no non-Mendelian transmissions at the À141 Indel or the 932C4G SNP, one at the 939C4T SNP and two at the 957C4T SNP; the two families (total) exhibiting nonMendelian transmissions were dropped from TDT analyses. All polymorphisms genotyped in the AN proband and EAF samples were in HWE at a critical value of Po0.05 (data not shown). There were 25 tests of HWE conducted, though only 13 were independent tests with respect to categorical sample (the subsamples of probands with RAN and PAN diagnoses were derived from the AN proband sample).
Association Analyses
Both þ 725 3 0 G4T and TaqIA C4T exhibited a statistically significant genotypic association in the PAN sample (w 2 ¼ 5.905 and 6.683, P-values ¼ 0.042 and 0.045, respectively), although tests of allelic association were not significant (Supplementary Table 2 ). No other individual DRD2 SNPs exhibited statistically significant association to AN or AN subtype diagnoses. Pairwise haplotypes composed of the DRD2 À141 Indel and exon 7 SNPs (939C4T and 957C4T), and of the 939C4T and 3 0 UTR SNPs ( þ 725 3 0 G4T) were significantly associated to AN diagnoses in the case :wcontrol design (Table 1) . Similar haplotypic association occurs in the RAN sample with haplotypes composed of the À141 Indel and the 939C4T exon 7 SNP, and composed of the exon 7 939C4T and TaqIA C4T SNPs. The frequency estimates of pairwise haplotypes composed of the 939C4T SNP and the two 3 0 SNPs ( þ 725 3 0 G4T and TaqIA C4T) differ between the AN proband sample and subsamples (Table 1) , which may indicate haplotype frequency differences between the RAN and PAN subsamples or may be a result of the smaller sample sizes. Larger samples of individuals with RAN and PAN diagnoses, and a larger sample of control individuals would help resolve this uncertainty. Pairwise haplotype frequencies in individuals with a diagnosis of PAN and in control individuals did not exhibit statistically significant differences (Table 1) .
There were 24, 68 and 82 informative families at the À141 Indel, the 939C4T, and at the 957C4T SNP, respectively, to test for transmission distortion in the AN-ARP family dataset ( Table 2 ). The À141 Indel and the 957C4T SNPs exhibited statistically significant transmission distortion (C allele over-transmitted in each case). The 939C4T SNP exhibited substantial, but not significant, transmission distortion. In three-locus haplotype analysis (Table 2) , four common haplotype alleles were estimated from the family data set. The most common haplotype, À141C/939C/957C (2.1.1), was significantly over-transmitted and two less common haplotypes, À141C/939C/957T (2.1.2) and À141Del/939T/957T (1.2.2), exhibited significant undertransmission (Table 2) . Permutation P-values were similar and the permutation P-value for transmission distortion of all estimated haplotypes (seven haplotypes of a possible eight haplotypes) was significant at P ¼ 8 Â 10
À5
. Using the same three DRD2 polymorphisms exhibiting transmission distortion in the family-based analysis, one three-locus haplotype case : control contingency analysis was performed using the proband (case) and control samples only (data not shown); nominally significant association was observed to AN and RAN diagnosis (w 2 ¼ 11.309, P ¼ 0.0233, permutation P ¼ 0.0497070.0166 and w 2 ¼ 8.717, P ¼ 0.0685, permutation P ¼ 0.0474070.0054, respectively).
The genotyped SNPs span a genomic region greater than 75 kb (Figure 1 ). The percentage of marker pairs with strong D 0 -values (greater than 0.5) was much greater in the AN sample (67%) than in the control sample (27%) (Figure 2) . The AN proband sample exhibits strong LD throughout the DRD2 locus, from the promoter Indel through the coding region (IVS2 and exon 7), and from the coding region through the 3 0 region of the gene, while the control sample exhibits LD only from the coding region through the 3 0 region of the gene. When LD was measured within each diagnostic subgroup, the LD patterns show some differentiation: for RAN, 53% of pairwise loci show D 0 -values 40.5; for PAN, the figure is 80%. DISCUSSION DRD2 SNPs, two of which have demonstrated in vitro functional differences, are associated with AN diagnosis in these proband, affected relative and control samples (Supplementary Table 2, Tables 1 and 2 ). The major allele at the À141 Indel exhibits significant linkage and association to AN diagnosis in family-based transmission disequilibrium analysis. The same allele at the À141 Indel is in excess in the AN proband sample in comparison to the unrelated control sample, although the case : control analysis is not statistically significant. The most consistent evidence for association to AN diagnosis is exhibited by multilocus SNP analyses. In these analyses, the promoter polymorphism and exon 7 SNPs (À141 Indel, 939Y and 957Y) exhibited statistically significant association in haplotype case : control analyses, differences in linkage disequilibrium estimates, and statistically significant transmission distortion. Deletion of a cytosine at À141 has been reported to reduce transcription by an average of 68% in two cell lines (Arinami et al, 1997) . The 957T allele has been shown to exhibit decreased stability and reduced translation of the DRD2 transcript in vitro (Duan et al, 2003) . 957T exhibits statistically significant under-transmission in the 1.2.2 haplotype in combination with the À141 deletion allele ( Table 2 ), suggesting that the 957T allele may contribute to the association to AN diagnosis via a protective effect in this sample. Thus, these data suggest that normative DRD2 transcriptional efficiency, transcript stability, and translational efficiency are associated with a diagnosis of AN through the joint functional effects of the DRD2 À141C (Arinami et al, 1997) and the 957C (Duan et al, 2003) alleles. Also, the 932G or Cys311 allele, which has been shown to exhibit significantly reduced affinity for dopamine and inhibitory response to DRD2 agonists (Cravchik et al, 1996) , is associated with the À141 Del, 939T, and 957T haplotype allele in this sample (estimated frequency 1%), suggesting that it may contribute, in a minor fashion, as the À141 Del, 939T, and 957T haplotype is under-transmitted to individuals with a diagnosis of AN (Table 2) .
Our analyses show that a sample having similar properties to the samples analyzed herein, in terms of sample size and other attributes, would have at least 80% power to detect a genetic variant accounting for 1% or more the variance of affection status. These calculations assume the frequency of the minor allele for this variant exceeds 7%, Type I error is controlled at 5%, and holds for most simple inheritance models. The exception is a recessive model, which requires a minor allele frequency more than 0.25 to achieve good power. TDT tests exhibit very similar features for power (80% is achieved for minor allele frequency 410%, except for the recessive inheritance model). On the other hand, our results should be considered in light of several sources of error. There is the possibility of Type I error because of the substantial number of statistical tests performed. Many of these tests, however, are highly dependent due to the substantial LD observed between markers. The lack of independence of the case sample in the case : control and TDT analyses is another concern. Finally, based on the results of published linkage analyses (Grice et al, 2002; Devlin et al, 2002) of these samples, DRD2 (at 11q22) does not lie in a compelling linkage region. All of these concerns underscore the necessity of confirmation from independent studies. This is also true for previous findings for HTR1D and OPRD1 on chr1p36.3-34.3 (Bergen et al, 2003a) , because all of these genes have been identified as associated with AN only in our samples. Likewise the attribution of cumulative relative risk for illness for any of these genes would be premature until sufficient confirmatory evidence has been amassed by analysis of other, independent samples. The statistically significant association between DRD2 SNPs and AN diagnosis could be taken as evidence that the D2 receptor gene is a susceptibility factor in the development of AN. Disentangling the effect of these DRD2 polymorphisms will require further association analyses in larger samples and/or functional analyses of haplotypes with more biologically based phenotypes than DSM-IV based diagnoses. For example, whether DRD2 haplotypes with these functional SNPs correlate with the clinical features of dopamine dysregulation in AN, such as elevated anhedonia (Davis and Woodside, 2002) , a diminished capacity to experience pleasure or reward (Salamone, 1996) , remains an open question. In fact, [ 11 C]raclopride neuroimaging studies show that individuals who are recovered from AN have findings consistent with elevated D2 or D3 receptor activity (Frank et al, in press) . A neuroimaging study has identified a negative correlation between striatal D2 receptor availability and BMI (Wang et al, 2001) . Future studies of [ 11 C]raclopride neuroimaging studies of individuals stratified by DRD2 genotypes may help elucidate the effects of these SNPs on D2 receptor availability. We would expect to find altered expression of striatal D2 receptors in individuals with AN, in part mediated by the DRD2 À141 Indel, 957Y, and perhaps other DRD2 SNPs. That is, individuals with a diagnosis of AN and with the haplotypes identified in this sample as significantly over-, or under, transmitted should exhibit altered D2 receptor availability in [ 11 C]raclopride imaging studies, compared to individuals without a diagnosis of AN and without the haplotypes identified as significantly over-or under-transmitted. Such functional analyses will contribute to a better understanding of the role of dopaminergic function in AN. Observed ¼ number of observed transmission of alleles or haplotypes (rounded for haplotypes); expected (S) ¼ number of expected transmitted alleles or haplotypes (rounded for haplotypes); variance (S) ¼ variance of expected (S); |Z| ¼ absolute value of normalized z score of transmission statistic with P ¼ two sided P-value, 1 d.f; estimated frequency ¼ frequency of the haplotype estimated by Expectation Maximization; N informative families ¼ number of families with a heterozygote transmitting (rounded); asymptotic P ¼ asymptotic w 2 P-value; permutation P ¼ empirical P-value based on 6663 Monte Carlo samples. DRD2 and anorexia nervosa AW Bergen et al
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